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Abstract

Infectious bone defects present a substantial clinical challenge due to the complex interplay between infection
control and bone regeneration. These defects often result from trauma, autoimmune diseases, infections, or tumors,
requiring a nuanced approach that simultaneously addresses infection and promotes tissue repair. Recent advances
in tissue engineering and materials science, particularly in nanomaterials and nano-drug formulations, have led

to the development of bifunctional biomaterials with combined osteogenic and antibacterial properties. These mate-
rials offer an alternative to traditional bone grafts, minimizing complications such as multiple surgeries, high antibiotic
dosages, and lengthy recovery periods. This review examines the repair mechanisms in the infectious microenviron-
ment and highlights various bifunctional biomaterials that foster both anti—infective and osteogenic processes.
Emerging design strategies are also discussed to provide a forward-looking perspective on treating infectious bone
defects with clinically significant outcomes.

Highlights

- Discussed the mechanisms of pathogenesis in infectious bone defects.

- Bifunctional biomaterials coordinate anti-infection and osteogenesis.

- Focused on the design of several bifunctional biomaterials.

- Explored the challenges and future prospects in the design and application of bifunctional biomaterials.

Keywords Infectious bone defects, Bifunctional materials, Bone tissue engineering, Antibacterial properties,
Osteogenesis

Huaiyuan Zhang, Wenyu Qiao and Yu Liu have contributed equally to this
work.

*Correspondence:

Yonghua Zhai

zhaiyonghual201@126.com

Longhai Du

longhaidu123@163.com

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-025-03295-0&domain=pdf

Zhang et al. Journal of Nanobiotechnology =~ (2025) 23:257

Graphical Abstract

Hydrogels

MOFs

I BoneTissue
Substitutes

Bio-ceramic
Scaffolds

2D Bio-
materials

Infectious
Bone Defect

Introduction

Bone tissue, a vital component of the human body, sup-
ports movement, protects organs, and serves as a pri-
mary site for hematopoiesis within bone marrow [1].
Structurally, bone is a dynamic composite material com-
posed of organic and inorganic elements, containing liv-
ing cells, extracellular matrix (ECM), blood vessels, and
immune components, which together provide its remark-
able regenerative capacity [2].

Bone defects caused by acute trauma (such as frac-
tures), inflammatory diseases (including autoimmune
and infectious diseases), age-related degenerative
changes, and tumors are very common in clinical prac-
tice [3]. Although bone tissue possesses a certain degree
of regenerative capacity, this ability is limited (com-
monly referred to as critical bone defects). For large bone
defects that exceed the self-repair capability of bone tis-
sue, bone grafting is typically required to achieve effec-
tive treatment outcomes [4]. Bone grafting primarily
includes autologous and allogeneic bone grafts, as they
possess fundamental properties that stimulate new bone
growth, such as osteogenic capability, bone inductive
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activity, and bone conductivity [5]. However, autologous
bone grafting has limitations related to donor site avail-
ability and the risk of donor site injury, while allogeneic
bone grafting carries risks of immune rejection and sec-
ondary infections [6]. Furthermore, the treatment strate-
gies for bone defects arising from different pathological
conditions also exhibit significant variations [7].

The difficulties in traditional treatment strategies lie in
controlling infection and reconstructing bone defects,
with antibacterial treatment being a prerequisite for bone
regeneration [8]. When bone defects are complicated by
infection, it can lead to disturbances in microenviron-
ment regulation, repeated infections, and even progres-
sive exacerbation, which can hinder tissue repair. This
condition can easily develop into severe osteomyelitis,
bone necrosis, and even trigger septicemia, posing a
threat to the patient’s life [9]. Intravenous administra-
tion often makes it difficult for local antibiotics to reach
effective therapeutic concentrations. Prolonged systemic
administration not only produces significant toxic side
effects but also facilitates the development of resistant
bacteria. Although antibiotic-impregnated spacers can
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enhance local drug concentrations and promote graft-
ing through membrane induction, they require a sec-
ond surgery approximately six weeks post-operation to
remove the spacers [10, 11]. Bone transport techniques
are an effective approach for treating bone defects; how-
ever, the treatment duration is lengthy, typically exceed-
ing 10 months [12-14]. Additionally, traditional bone
repair materials have been widely applied in clinical
settings. However, their clinical performance remains
unsatisfactory, such as poor mechanical properties,
rapid absorption rates, and limited bone induction capa-
bilities [15—17]. Therefore, there is an urgent need to
develop new bone substitute materials to meet the clini-
cal demands of bone repair. These materials must pos-
sess the following properties: osteogenic capacity, bone
induction, bone conduction, biocompatibility, and bio-
degradability [18]. Osteogenic capacity refers to the abil-
ity of host and donor cells contained in the materials to
synthesize new bone. Bone induction refers to the abil-
ity of materials to promote the differentiation of primi-
tive pluripotent stem cells into mature osteoblasts. Bone
conduction indicates the capacity of osteogenic and pre-
osteogenic cells to attach to the implanted materials and
migrate and grow within the three-dimensional space of
the materials [19]. Furthermore, during the process of
filling bone defects, new materials should also be able to
mimic the structural, mechanical, and biological char-
acteristics of natural bone, which may improve clinical
outcomes for patients with bone defects and alleviate
their suffering and economic burden in clinical practice
[16, 20]. Consequently, the repair of inflammatory bone
defects has remained a major challenge in orthopedic
treatment, which not only leads to lasting physical and
psychological harm for patients but also imposes a sig-
nificant economic burden [21].

As mentioned earlier, if anti-infection therapy and the
promotion of bone defect repair cannot be balanced, the
therapeutic effect will be significantly reduced [22, 23].
Thus, dual-function biomaterials—combining antibacte-
rial and osteogenic properties—offer promising solutions
for treating infectious bone defects. These materials not
only prevent infection at the defect site but also promote
the regeneration of bone tissue, representing a significant
advancement in bone defect repair [24-27]. For exam-
ple, bioactive glasses (BGs) are multifunctional bioma-
terials that induce osteogenesis and angiogenesis [28]. A
study by Kittipat et al. developed mesoporous bioactive
glass composites loaded with antibacterial cinnamalde-
hyde (CIN), which demonstrated significant antibacte-
rial activity against Staphylococcus aureus (S. aureus) and
Escherichia coli (E-coil), while promoting bone tissue
regeneration without affecting the proliferation of osteo-
blast-like MG-63 cells [29]. Therefore, the intervention of
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dual-function biomaterials will open a new chapter in the
repair strategy for infectious bone defects.

In general, the occurrence and healing of bone defects
are closely related to inflammatory responses. Excessive
acute inflammation caused by infection increases the risk
of bone healing [30]. Therefore, to design more targeted
dual-function biomaterials, it is essential to have a com-
prehensive understanding of the mechanisms underlying
infectious bone defects and their local microenviron-
ments. In this review, we will analyze the roles of differ-
ent cells and inflammatory factors in the formation of
new bone during the progression of bone defects, pro-
viding a theoretical basis for controlling infection and
promoting osteogenic therapy. Based on this, we will
summarize dual-function biomaterials with antibacterial
and osteogenic properties and conduct an in-depth dis-
cussion. Finally, we will explore the development poten-
tial of future dual-function materials, offering innovative
and feasible solutions for the treatment of infectious bone
defects, and providing scientific and precise theoretical
support and practical guidance for clinical treatment.

Pathological processes of infectious bone defects
Bone healing is a complex process of reconstruction that
occurs after a bone defect [31].It can be categorized into
primary bone healing and secondary bone healing, with
primary bone healing being relatively rare. Secondary
bone healing consists of three overlapping stages: the
inflammatory phase, the repair phase, and the remod-
eling phase, with the initial inflammatory phase being
crucial for bone healing [32]. Each phase involves pre-
cise interactions among various immune cells, cytokines,
and growth factors, ensuring a coordinated response to
injury.

Physiological processes in bone healing

The process of bone healing can be further subdivided
into six minor stages (Fig. 1). Once a bone defect occurs,
the inflammatory response begins immediately. Hem-
orrhage beneath the periosteum and in the soft tissue
leads to the formation of a hematoma. The microenvi-
ronment of the hematoma is initially characterized by
localized hypoxia, acidity, and lower temperatures, with
a high concentration of calcium and lactic acid [34]. Dur-
ing this process, the hematoma serves as a scaffold to
recruit inflammatory cells and various factors to initiate
a cascade reaction. Numerous inflammatory cytokines
and growth factors are involved in this stage, including
interleukin-1 (/L-1), interleukin-6 (IL-6), interleukin-11
(IL-11), and tumor necrosis factor-alpha (TNF-a), which
promote the migration of inflammatory cells (such as
neutrophils and macrophages) to the fracture site and
induce angiogenesis [35, 36]. The secretion of these
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Fig. 1 This describes the various stages of the bone healing process, as well as the expression patterns of related immune cells and cytokines/
growth factors. Bone healing consists of three phases: inflammation, repair, and remodeling, which include six steps: hematoma formation,
inflammatory response, soft (fibrocartilaginous) and hard callus formation, remodeling, and final healing. In the inflammatory phase, immune

cells (like neutrophils, natural killer cells, mast cells, and platelets) are activated and release cytokines and chemokines to recruit monocytes

and macrophages, essential for healing. Key pro-inflammatory cytokines such as IL-1, IL.-6, and TNF-a play significant roles throughout the phases.
TNF-a levels rise during the repair phase and remain elevated during remodeling, while the inflammatory response subsequently shifts

to an anti-inflammatory state marked by /L-4, Il-10, and IL-13, which are crucial for fracture healing. Copyright © 2020 Maruyama, Rhee, Utsunomiya,
Zhang, Ueno, Yao and Goodman [33]

factors typically peaks around 24 h and is completed in  generation of bone healing tissue, and facilitating angio-
about 7 days [37]. Among the interleukins, IL-1 is the genesis at the injury site (achieved by activating IL-IRI
most important cytokine in bone healing and is primar-  or IL-1RII) [38, 39]. IL-6 is produced only during the
ily produced by macrophages. IL-1 has functions such  acute phase, stimulating angiogenesis, the production
as inducing osteoblasts to produce IL-6, promoting the  of vascular endothelial growth factor (VEGF), and the
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differentiation of osteoblasts and osteoclasts [40-42].
Meanwhile, macrophages polarize towards the MI phe-
notype, and the immune response shifts to adaptive
immunity, primarily characterized by the infiltration of
lymphocytes. At the same time, fibroblasts also begin
to gather at the site of injury [43]. Additionally, TNF-a
has been demonstrated through multiple experiments
to induce the osteogenic differentiation of mesenchymal
stem cells (MSCs), which is crucial for subsequent bone
healing [44]. Platelets and perivascular cells release sev-
eral cytokines, such as platelet-derived growth factor
(PDGF) and transforming growth factor-beta (TGF-§5),
which help promote angiogenesis and osteogenic differ-
entiation [45]. During the resolution of inflammation,
macrophages transform into M2 phenotype under the
induction of anti-inflammatory cytokines (IL-4, IL-10,
and IL-13).

To promote stable bone regeneration, it is crucial to
recruit sufficient bone marrow-derived mesenchymal
stem cells (BMSCs) to the defect site [46]. BMSCs, known
for their pluripotency and self-renewal capabilities, play a
pivotal role in osteogenesis [47, 48]. Factors such as TNF-
a and stromal cell-derived factor 1 (SDF-1) have been
shown to attract BMSCs to injury sites [49, 50].

Currently, a large number of studies have shown that
SDF-1 and its G protein-coupled receptor CXCR-4 form
an axis (SDF-1/CXCR-4), which is an important regula-
tory factor for the recruitment and homing of BMSCs
to the injury site [51-55]. Under the influence of pro-
inflammatory cytokines, anti-inflammatory cytokines,
TGF-$, bone morphogenetic proteins (BMP), and growth
factors (such as VEGF, PDGF), and fibroblast growth fac-
tor-2 (FGF-2), immune cells and BMSCs participate in
the intercellular regulation to initiate the processes of
osteogenesis and angiogenesis [56, 57].

Subsequently, the injury site enters the repair phase.
The formation of granulation tissue involves two types
of processes: intramembranous ossification and endo-
chondral ossification [58]. The former is relatively rare
and occurs on the periosteum, where BMSCs differ-
entiate into osteoprogenitor cells, which then prolifer-
ate and differentiate into osteoblasts, directly forming
woven bone. This process is continuous and is commonly
observed in flat bones such as those in the skull and the
clavicle [59]. The latter is the primary mechanism of bone
repair, occurring within the endosteum and bone mar-
row, where BMSCs differentiate into chondrocytes and
secrete cartilage matrix to form a cartilage template. Sub-
sequently, chondrocytes undergo hypertrophic differen-
tiation, leading to the mineralization of the surrounding
matrix and the formation of cartilage granulation tissue.
Ultimately, hypertrophic chondrocytes undergo apop-
tosis, resulting in vascular invasion and the migration
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of osteoblasts. Afterward, the cartilage matrix is trans-
formed into bone matrix [60]. During this stage, the
levels of pro-inflammatory factors such as /L-1 and IL-6
significantly decrease or are no longer detectable, while
TNF-a initially decreases but later increases, meticu-
lously regulating the proliferative activities of osteoblasts
and shaping the overall healing response [50].

As the chondrocytes in the fracture granulation tis-
sue proliferate, they become hypertrophic, and the ECM
begins to calcify. During the period of 10 to 14 days,
bone repair enters the stage of primary bone callus for-
mation, with the formation of hard granulation tissue
reaching its peak. The calcified cartilage is replaced by
woven bone, making the granulation tissue stronger and
mechanically stiffer [61]. Although the hard callus is a
rigid structure that provides biomechanical stability, it
does not fully restore the biomechanical properties of
normal bone. To achieve complete restoration, the frac-
ture healing process enters the second absorption phase,
where the hard granulation tissue is remodeled into a
layered bone structure with a central medullary cavity
[62]. This phase is primarily regulated by /L-1 and TNF-a,
both of which exhibit high expression levels during this
stage. Meanwhile, the content of the BMP family, repre-
sented by BMP-2, also increases, while the expression
levels of most members of the TGF-f3 family decrease [63,
64]. During this period, the trabecular bone in the dam-
aged area undergoes remodeling under the influence of
mechanical stress. The combined action of osteoblasts
and osteoclasts gradually eliminates the callus outside the
stress axis, thereby facilitating bone healing. This process
may take several years to achieve complete regeneration
of the skeleton; however, in younger patients, the healing
process is typically accelerated [65]. The original callus
is gradually replaced by solid lamellar bone, completing
the creeping substitution process of the new bone. In
addition, growth factors such as epidermal growth fac-
tor (EGF) and fibroblast growth factor (FGF) also pro-
mote angiogenesis and the maturation of chondrocytes
during bone repair and reconstruction [33]. Successful
bone remodeling requires adequate blood supply and
gradually increasing mechanical stability. If these condi-
tions are not met, atrophic nonunion may occur [66, 67].
Conversely, when the vascular condition is good but fixa-
tion is unstable, it can lead to hypertrophic nonunion or
pseudarthrosis [68].

As mentioned above, inflammation is the critical first
step in bone healing. The absence or suppression of acute
inflammation can lead to impaired bone healing [69-71].
Research on MIF mice (macrophage migration inhibi-
tory factor gene-deficient mice, MIF KO) and immune-
compromised NOD/scid-IL2Ryc null mice has shown
that deficiencies in immune function can impair bone
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healing, highlighting the importance of an intact immune
response for effective bone repair [72-76]. Additionally,
multiple pro-inflammatory cytokines and chemokines,
such as IL-6, IL-17A, and TNF-a, play crucial roles in
the complex cascade of bone fracture healing [77-79].
For example, IL-6 signaling is involved in immune cell
recruitment, angiogenesis, endochondral ossification,
and granulation tissue remodeling [80]. IL-17A enhances
the activity of osteoblasts involved in bone tissue forma-
tion, while TNF-a has a biphasic secretion pattern and
can enhance the activation of BMSCs [49, 81]. Further-
more, prostaglandins like Prostaglandin E2 (PGE2) and
non-steroidal anti-inflammatory drugs (NSAIDs) that
block COX-2 can adversely affect bone healing [82-85].
Glucocorticoids, although powerful anti-inflammatory
agents, can delay bone repair and cause osteoporosis [86,
87]. These findings underscore the crucial role of inflam-
mation in bone healing.

Microenvironment of Infectious Bone Fractures

The microenvironment of infectious bone fractures is
complex and often leads to an intense inflammatory
response that disrupts normal bone healing [88, 89].
This section will discuss the relationship between local
inflammation and bone regeneration, as well as analyze
the effects of infection on the ECM, osteoblasts, and
osteoclasts.

The most common bacterium responsible for bone
infections is S. aureus. Its primary infection mechanisms
include intracellular infection, osteocyte lacunar canali-
cular network (OLCN) invasion, biofilm formation, and
abscess formation (Fig. 2) [90]. This bacterium can pro-
liferate in various cell types, including but not limited
to macrophages, keratinocytes, epithelial cells, endothe-
lial cells, osteoclasts, osteoblasts, and bone cells [91].
After invading the osteoblasts, fibronectin connects the
fibronectin-binding proteins A or B (FnBPA or FnBPB)
on the surface of S. aureus cells with the a541 integrin
on osteoblasts. This interaction facilitates bacterial inter-
nalization [92]. Since osteoblasts are not immune cells,
S. aureus can survive for a long time within these cells,
rendering internalized cells less sensitive and allow-
ing them to evade clearance by the immune system and
killing by antibiotics. The infected cells become a reser-
voir that subsequently releases pathogens, continuing
to infect other cells [93, 94]. Research has indicated that
osteoblasts can secrete a certain number of antimicrobial
peptides; however, without proactive and effective treat-
ment, the damaged area may progress to a chronic infec-
tion [95, 96].

Although S. aureus has a diameter of approximately
1 pm, it can alter its size to 100—600 nm to invade the
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OLCN, which has a diameter of 0.5 pm [97-101]. This
submicron-level invasiveness allows the bacteria to evade
immune cells and survive long-term in the bone. Addi-
tionally, high-dose antibiotics struggle to achieve effec-
tive concentrations within the OLCN, highlighting the
need for biomaterials that can resist bacterial invasion.

Biofilm formation is another significant challenge S.
aureus adheres to bone surfaces using cell wall proteins,
adhesins, eDNA, and microbial surface components
recognizing adhesive matrix molecules (MSCRAMM).
These components interact with proteins and polysac-
charides in the bone cell ECM, such as type I collagen
and osteopontin, forming binding sites [102—105]. The
bacteria then produce extracellular polymeric substances
(EPS) that protect and promote their growth, leading to
a dense biofilm structure that shields them from antimi-
crobial agents and immune cells [106, 107]. Therefore,
developing materials that can inhibit and eliminate bio-
films is essential.

Furthermore, EPS degradation allows free bacteria to
colonize new areas and form new biofilms [108]. Per-
sistent S. awureus infections can lead to staphylococcal
abscess communities (SACs), which affect the bone mar-
row and surrounding soft tissues of implants [109]. The
bacteria form a fibrin pseudo-capsule using coagulase
(CoA) and von Willebrand factor-binding protein (vWbp),
attracting immune cells and causing their necrosis, thus
creating a barrier that prevents new immune cells from
entering and forming a bacterial sanctuary [110-112].
Once an abscess forms, the probability of spontaneous
recovery without targeted antibacterial strategies is very
low [113]. Developing biomaterials that can disrupt the
fibrin pseudo-capsule is a promising approach for treat-
ing abscesses.

The balance between bone regeneration and bone
resorption is crucial for maintaining local bone mass in
the area of bone defects and for reconstructing normal
bone tissue structure [114]. At the microscopic level,
infectious bone defects exhibit elevated levels of inflam-
matory cells compared to sterile bone injuries, with vari-
ous pro-inflammatory factors such as IL-1p significantly
increased [115]. These factors can enhance the activity of
osteoclasts, leading to increased bone resorption, while
inhibiting the function of osteoblasts, thereby hinder-
ing the biological processes of bone regeneration [116].
Clearly elucidating the molecular interactions between
pathogens, immune cells, and various bone cells within
the infectious microenvironment, as well as the mecha-
nisms of bone regeneration, holds significant research
importance and clinical value. The influence of immune
cells on bone regeneration in the infectious microenvi-
ronment is particularly noteworthy.
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Fig. 2 Schematic diagram of the key pathogenic mechanisms of infectious microorganisms in bone defects and their partial immune regulatory

effects in the bone marrow cavity. (Created with BioRender.com)

Neutrophils (NE) are highly active phagocytic cells
that rapidly accumulate during the early stages of path-
ogen invasion. They migrate to the site of infection
through various chemokines, moving through the gaps
between endothelial cells to form neutrophil extracel-
lular traps (NETs), where they perform functions such
as phagocytosis, reactive oxygen species (ROS) produc-
tion, and degradation of pathogens by granzyme [117].

However, the excessive accumulation of NE can often
lead to side effects such as a high-oxygen environment
induced by ROS, resulting in cytotoxicity, bone tissue
damage, and bone loss [118, 119]. Additionally, NE
expresses elevated levels of receptor activator of nuclear
factor-kB ligand (RANKL) in response to stimuli from
pathogenic virulence factors like LPS. By binding to
the receptor activator of nuclear factor-xB (RANK) on
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pre-osteoclasts, RANKL induces the differentiation
and maturation of osteoclasts, thereby promoting bone
resorption [120]. Besides NE, macrophages, activated T
cells, and B cells are also capable of releasing substan-
tial amounts of RANKL in vivo, further inducing bone
resorption and bone loss [121].

In addition to NE, macrophages also play a role in the
early stages of infection. As mentioned earlier, mac-
rophages are a major source of cytokines and release
large amounts of TNF-a and IL-1 to activate endothelial
cells and lymphocytes to gather at the site of infection.
At the same time, macrophages induce endothelial cells
to form P-selectin, recruiting NE to the infection site to
exert immune functions, while also performing phago-
cytosis and releasing ROS to combat the infection [122—
124]. However, prolonged inflammation mediated by
macrophages can inhibit the formation and maturation
of new blood vessels, reduce the rate of bone healing,
and suppress the differentiation of osteoblasts. Addi-
tionally, the various cytokines released may increase the
production of RANKL, leading to the side effect of bone
resorption [125]. Among these, sustained high levels of
TNF-a can inhibit the BMP—-2 signaling pathway by pro-
moting the ubiquitination and proteasomal degradation
of Smad1 and runt-related transcription factor 2 (Runx-
2), thereby hindering the bone regeneration process [126,
127].

Osteoclasts differentiate from hematopoietic mono-
nuclear cells/macrophages and are regulated by mac-
rophage colony stimulating factor (M-CSF) and RANKL.
M-CSF can also promote the binding of RANKL to
RANK on the surface of osteoclasts, thereby increasing
their sensitivity and facilitating osteoclast differentiation
[128, 129]. Osteoblasts infected by pathogens can directly
or indirectly promote the secretion of RANKL through
the EP4 receptor, while simultaneously downregulating
the expression of OPG, further promoting the generation
of osteoclasts [130, 131].

In summary, the infectious microenvironment creates
a persistent inflammatory state, enhancing osteoclas-
tic activity and impeding osteogenesis, which collec-
tively disrupts bone healing. Addressing the mechanisms
underlying this altered environment is critical for devel-
oping effective treatments. Novel biomaterials that can
regulate inflammation, disrupt biofilms, and promote
osteogenesis represent promising therapeutic strategies
for managing infectious bone fractures.

Design concepts for bifunctional biomaterials

In simple terms, the ideal treatment plan for infectious
bone defects is a combination of rapid infection con-
trol and bone tissue repair. Consequently, the ideal bio-
materials should be designed to release antimicrobial
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agents rapidly or exert bactericidal effects in the initial
stage. They need to maintain a high concentration for a
sufficient duration to effectively control and suppress
bacterial proliferation. This is of great significance as
uncontrolled infection can lead to further bone destruc-
tion and delay the healing process. Importantly, this pro-
cess should not compromise bone regeneration. On the
contrary, it should create a favorable environment for
bone repair. Furthermore, these materials should also
maintain high biocompatibility and mechanical strength.
The high biocompatibility ensures that there are no
adverse immune responses, and the mechanical strength
provides support for the newly formed bone tissue. This
enables osteoblast migration and differentiation on the
biomaterial scaffold, promoting the integration of the
material with the host bone and the formation of new
bone tissue [132—-134].

Selection of antimicrobial materials

For infectious bone defects, antibiotics such as vanco-
mycin (VAN), rifampicin, amoxicillin, and levofloxacin
remain effective first-line antimicrobial agents. However,
they also have some drawbacks, including dose depend-
ence, bacterial resistance arising from high-dose usage,
and potential effects on systemic and local cells [135,
136]. In recent years, several new treatments for bone
infection, in addition to traditional antibiotics, have also
drawn attention.

Inorganic materials

Most inorganic materials, excluding metals such as Ag™,
Zn*, Cu*, or La*', that lack antibiotics or functional
components generally do not possess antimicrobial
properties. They are primarily used to promote bone
formation or serve as scaffolding (see Section "Inorganic
materials" for details) [137].

Inorganic metal particles represented by gold, sil-
ver, zinc, and copper significantly affect bacteria due to
their unique physicochemical properties, such as size,
zeta potential, surface morphology, and structure [138].
The intermolecular forces between metal particles, such
as receptor-ligand interactions, electrostatic interac-
tions, and van der Waals forces, can act on bacterial cell
membranes. When they bind with cations, they cause a
change in membrane charge, thus breaching the pro-
tective biofilm of the bacteria, leading to membrane
rupture and bacterial death [139]. Additionally, metal
particles can damage the proteins and DNA inside bac-
teria, affecting various metabolic pathways and hinder-
ing biosynthesis, ultimately resulting in bacterial death
[140]. Furthermore, metal particles can convert hydrogen
peroxide into highly toxic hydroxyl radicals through the
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Fenton reaction, leading to the substantial production of
ROS and subsequently inducing bacterial death [141].

However, metals are a double-edged sword; while they
can kill bacteria, they also exhibit cytotoxicity [142].
Therefore, many researchers have modified metal parti-
cles by constructing composite scaffold systems through
methods such as blending with scaffold substrates, coat-
ing preparation, and material modification grafting.
These approaches not only reduce cytotoxicity but also
optimize the performance of metal particles, significantly
enhancing the selectivity of the materials [143]. For
example, Zhang et al. prepared PLA coatings containing
different concentrations of Cu** on titanium sheets using
a dip-coating method. This coating significantly reduced
the biotoxicity of Cu®* to BMSCs. At the same time, the
Cu*" coating promoted healing at the fracture site while
significantly reducing infections, achieving a balance
among antibacterial effects, bone regeneration, and cellu-
lar compatibility. Within 28 days post-surgery, the levels
of Cu*" in the blood returned to normal [144]. A study
applied nano zinc oxide to coat 3D-printed 3Y-ZrO, scaf-
folds. These scaffolds demonstrated high biocompatibil-
ity and excellent antibacterial activity in both in vitro and
in vivo experiments [145].

Organic materials

Organic antimicrobial materials are substances com-
posed of organic compounds that possess inherent or
potential antimicrobial properties. These materials typi-
cally include natural organic antimicrobial materials and
synthetic organic antimicrobial materials [146].

When it comes to natural organic antimicrobial mate-
rials, chitosan (CS) is the most classic natural cationic
polysaccharide. It is mainly obtained through the deacet-
ylation of chitin, which is derived from the exoskeleton
of crustaceans. CS has advantages such as non-toxicity,
biodegradability, broad-spectrum antibacterial proper-
ties, adsorption capacity, and good biocompatibility [132,
147, 148]. Compared to common antimicrobial agents,
CS exhibits unique characteristics, such as broad-spec-
trum efficacy, high bactericidal rates, and effective inhibi-
tion of the growth and reproduction of bacteria and fungi
[149]. The main mechanisms of antimicrobial action are
as follows:1. Cationic CS molecules react with negatively
charged bacterial molecules on the cell surface, altering
the cell’s permeability, inhibiting bacterial metabolism,
and leading to bacterial death [150]. 2. CS can penetrate
bacterial cells and bind to DNA, thereby inhibiting pro-
tein synthesis related to gene expression in bacteria.
Additionally, it can adsorb negatively charged substrates
within microbial cells, disrupting their physiologi-
cal activities and resulting in cell death [151]. 3. CS can
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inhibit the absorption of alkaline elements necessary for
microbial growth through a metal chelation mechanism,
while binding to metal ions required by the microbes
to achieve antibacterial effects [152]. 4. High molecular
weight CS can adhere to cell walls, reducing the absorp-
tion of nutrients from the extracellular environment
[153].

Due to the excellent properties of CS, various modifica-
tion schemes have been extensively studied. For instance,
the antibacterial effect of nanoscale CS particles has been
significantly enhanced through chemical modification,
which increases surface charge density and hydrophobic-
ity, thereby improving antibacterial activity [154—157].
CS loaded with antibiotics has demonstrated synergistic
antibacterial effects. Kimna et al. constructed a chitosan-
montmorillonite nanoclay material loaded with VAN and
gentamicin (GM), achieving encapsulation rates of up to
98% for both VC and GM, with a release duration of up
to 30 days. This composite exhibited strong antibacterial
activity against gram-positive (G*) S. aureus and gram-
negative (G™) E-coil, while showing no cytotoxic effects
on normal cells [158]. In addition to traditional antibiot-
ics, metal chelation, coatings for implant scaffolds, and
synthetic hydrogel scaffolds also exhibit good antibacte-
rial effects [159-161]. For example, Yang et al. incorpo-
rated graphene oxide/copper nano derivative (GO/Cu)
into CS/hyaluronic acid (HA) scaffolds. The constructed
composite material demonstrated satisfactory in vivo
anti-infection performance by damaging the bacterial
membrane, increasing ROS production, and disrupting
key enzyme metabolism, which reduced inflammation
and maintained acceptable biosafety. Additionally, the
GO/Cu material (mass ratio=2:1) exhibited enhanced
osteogenic differentiation and promoted bone healing
[162].

HA is a linear glycosaminoglycan that is widely used in
fields such as trauma, orthopedics, and joint replacement
surgery. It primarily exists in the ECM and possesses
good biocompatibility, hydrophilicity, and lubricating
properties [163]. HA can act as an antibacterial material
by disrupting bacterial integrity or serve as a carrier for
drugs and coatings for implants [164—166]. For instance,
Valverde et al. immobilized HA and CS on the surface
of Ti-6Al—4 V alloy to form polyelectrolyte multilayers
(PEMs), which exhibited good efficacy against S. aureus
[167].

Antimicrobial peptides (AMPs), also known as host
defense peptides, are components of the innate immune
system and exhibit strong antibacterial properties against
various microorganisms [168]. Their antibacterial mech-
anisms mainly include: 1. Disrupting bacterial signal
transduction and interfering with biofilm formation to
reduce attachment capability; 2. Blocking the synthesis
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of products related to bacterial starvation to inhibit bio-
film formation; 3. Suppressing the expression of DNA
related to bacterial starvation products, thereby funda-
mentally inhibiting biofilm formation [169]. However,
AMPs have a short half-life in vivo and are prone to deg-
radation by proteases or binding with plasma proteins,
thereby affecting their biological activity. Consequently,
researchers typically combine AMPs with bioactive mate-
rials, with strategies mainly including physical mixing
and encapsulation, nanoparticle construction, and bio-
coating, to improve these drawbacks [170, 171]. He et al.
constructed a mineralized collagen scaffold loaded with
two AMPs (Pac-525 and KSL-W) using poly (lactic-co-
glycolic acid) (PLGA) [172]. In antibacterial experiments,
this scaffold exhibited excellent antibacterial efficacy for
the long-term inhibition of S. aureus and E-coil. This is
due to the interaction of the antimicrobial peptide with
the bacterial cell membrane. Pac-525 and KSL-W disrupt
the membrane integrity through electrostatic interac-
tions, leading to bacterial death. Cell proliferation and
alkaline phosphatase assays also demonstrated its good
osteogenic capacity. The mineralized collagen compo-
nent of the scaffold provided excellent osteoconductivity
and osteoinductivity, promoting cell adhesion, prolifera-
tion, and osteogenic differentiation. The porous structure
of the scaffold facilitated cell infiltration and nutrient
transport. The mechanical properties of the scaffold were
sufficient to support bone regeneration, and the PLGA
microspheres ensured the sustained release of antimi-
crobial peptides, maintaining an effective concentration
for long-term antibacterial activity. This study provided
a broad prospect for the treatment of infectious bone
defects. To address potential resistance, protein antibac-
terial materials inspired by AMPs have been developed,
consisting of other amino acids linked at different posi-
tions via peptide bonds to disrupt the structure and func-
tion of bacteria [173].

Most synthetic organic materials are typically not uti-
lized as antibacterial agents in the treatment of infectious
bone defects [174]. Well-researched antibacterial mate-
rials can be categorized into over twenty types based on
their molecular structure, including quaternary ammo-
nium salts, biguanides, alcohol aldehyde esters, ethers,
phenols, and imidazoles. Among these, antibacterial
materials from the quaternary ammonium salt category
are used more extensively [175]. Polymethyl methacrylate
(PMMA) bone cement is a widely used synthetic organic
bone repair material that has been clinically applied
extensively over the past few decades. Various antibiot-
ics, such as gentamicin and VAN, have been incorporated
into PMMA to address bacterial infections [176, 177].
To extend the antibacterial spectrum to drug-resist-
ant bacteria and viruses, and to enhance the release of
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antibacterial agents, Wang et al. developed a quaternary
ammonium salt-modified antibacterial PMMA bone
cement. This material exhibits high mechanical strength
and sustained release of antibacterial agents, showing
good antibacterial efficacy against both G* and G~ bac-
teria, with stronger antibacterial activity against G~ bac-
teria [178]. However, in the treatment of infectious bone
defects, quaternary ammonium salts are typically used to
modify CS to enhance its antibacterial properties [179].
Therefore, these materials have significant research
potential.

Selection of bone repair promoting materials

Inorganic materials

Bone tissue contains a variety of metal elements that
play an indispensable role in bone regeneration at both
molecular and cellular levels [180]. Consequently, metal
particles may provide more direct signals for bone regen-
eration. For example, ions such as Ca*, Mg?*, Sr**, Zn*",
Li*, Mn*, Cu*, Co*, Ce®*, Fe*', and Ag" are used in bone
regeneration. These elements regulate multiple metabolic
processes, including the differentiation and activity of
osteoblasts and osteoclasts, bone mineralization, vascu-
lar regeneration, and immune modulation [1]. Different
metal ions exert distinct effects in these areas.

The most abundant Ca?* in the bones provides strength
and supports movement, while also participating in vari-
ous signaling pathways. Optimal fluid concentrations can
stimulate the proliferation, migration, and mineraliza-
tion of osteoblasts, enhance their adhesion capacity, and
induce macrophages to polarize towards the M2 pheno-
type [181-183]. Mg*" is the fourth most abundant min-
eral in the human body, primarily found in the bones, and
is a fundamental element of bone tissue [184]. It plays a
role in the following three areas: (1) Promoting the osteo-
genic differentiation and adhesion of BMSCs, facilitating
the migration of osteoblasts and inhibiting the generation
of osteoclasts [185-187]; (2) Inducing macrophages to
polarize towards the M2 phenotype, eliminating oxida-
tive stress in LPS-induced macrophages [188, 189]; and
(3) Promoting the angiogenic differentiation of BMSCs
[190]. Sr** is primarily found in areas of active growth
and regeneration of fresh trabecular bone, where it func-
tions to prevent bone resorption and stimulate bone
formation. It promotes vascularization of bone tissue by
activating the PDGF-BB/PI3K/AKT signaling pathway
[191, 192]. Additionally, Sr** and its modified materials
exhibit anti-inflammatory properties, capable of regulat-
ing the polarization of neutrophils, leading to the pro-
duction of anti-inflammatory cytokines, and thereby
directly or indirectly inducing macrophages to polarize
towards the M2 phenotype [193, 194]. Recent studies
have found that Sr** significantly inhibits the growth of E.
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coli and partially suppresses the growth of S. aureus, indi-
cating its potential in the treatment of infectious bone
defects [195]. Although Zn?* constitutes only 30% of the
bone, it is an important cofactor for the stability of bone
microstructure and the remodeling of bone proteins,
playing a critical role in bone growth and stability [196].
It can promote the adhesion, proliferation, and differen-
tiation of osteoblasts, inhibit osteoclasts, regulate the dif-
ferentiation of inflammatory cells, induce macrophages

to polarize towards the M2 phenotype, and facilitate
angiogenesis, while also exhibiting excellent antibacte-
rial properties [197-200]. However, it is important to
note that high concentrations of Zn** may enhance the
activity of osteoclasts [201]. Other metal ions also play
significant roles in bone metabolism. In the application of
tissue engineering for promoting bone repair, metal ions
are often incorporated into biomaterials to improve their
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Fig. 4 A schematic illustration highlights the synergistic antimicrobial and osteogenic effects of the CSp@PEGDA hydrogel. A

Characterization of CSp@PEGDA. (a) TEM images, (b) Hydrodynamic diameter, (c) Zeta potential, (d) XRD patterns of CSp NPs. (e) HAADF image
and element-mapping. (f) Absorption spectra of TMB oxidized by Cp, Sp and CSp NP at different pH. (g) Rapid gelation and plasticity of CSp@
PEGDA under blue light irradiation (405 nm) for 30 s. B (a,b) Graphs and quantitative analysis of bacterial colony counts on TSA plates treated

with CSp NPs. (c) Graph and (d) Quantitative analysis of inhibition zones of CSp@PEGDA composite on TSB agar plate. (e) Graph of bacterial colonies
treated with CSp NPs at different pH conditions. C In vitro proliferative and osteogenic effect of CSp NPs on BMSCs. (a, ¢) ALP staining images

of BMSCs co-cultured with CSp NPs for 7 days and their corresponding quantitative analysis. (b, d) ARS staining images of BMSCs co-cultured

with CSp NPs for 21 days and their corresponding quantitative analysis. (e-g) Relative mRNA expression levels of osteogenesis-related genes

Alp (Day 7), Bsp (Day 14), and OCN (Day 21). D In vivo antimicrobial activity of CSp@PEGDA. Graphs(a) and quantitative analyses(b) of S. aureus

in bone cavity rinses from CSp@PEGDA and PEGDA treated mice. E In vivo osteogenesis experiments. (a) Micro-CT images of mice femurs at days
7,14,and 21. (b, ¢) Quantitative analyses of BV/TV and BMD at different time points. (d) H&E-stained sections of mice femurs at days 14 and 21,
where yellow dashed lines indicate new bone formation, and blue solid lines mark the edges of bone defects. (e) Masson-stained sections of mice
femurs at days 14 and 21. (f) Quantitative analysis of newly formed bone tissue at day 14. Copyright © 2024 Wiley-VCH GmbH [249]

release kinetics, optimize the regulation of bone metabo-
lism, and enhance biocompatibility.

In addition to metals, bioceramics represented by
calcium phosphate (CaP) bone cement, hydroxyapa-
tite (HAp), and o/p-tricalcium phosphate (a/p-TCP)
are widely used in the preparation of multifunctional
scaffold systems for infectious bone defects [202-204].

Bioceramic scaffolds are fabricated as follows: The pow-
ders are shaped into desired forms using techniques like
dry pressing, slip casting, or 3D printing. The bodies are
then subjected to high-temperature sintering to enhance
density and mechanical strength, with sintering param-
eters significantly influencing the final properties. Finally,
surface treatments or coatings are applied to optimize
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bioactivity, making them suitable for a wide range of
applications in orthopedics, dentistry, and cardiovascular
medicine [205]. Although they have certain shortcomings
in antibacterial performance, their composition is highly
similar to the inorganic salts found in human bone tissue.
In addition to good biocompatibility, they possess high
mechanical strength, which is often lacking in organic
materials. Therefore, these materials can serve as carriers
for antibacterial agents and bone fillers, combined with
various antibacterial mechanisms, showing bright pros-
pects in bone tissue scaffold applications [137].

Wu et al. modified calcium phosphate cements (CPCs)
to construct an injectable CPC-chitosan scaffold with
strong mechanical properties. This scaffold, combined
with penicillin-alginate microspheres, can be completely
injected with lower injection force. In vitro experiments
demonstrated its effective antibacterial function against
S. aureus infections, and it possesses strength compara-
ble to that of trabecular bone, allowing for good growth
of Human Umbilical Cord Mesenchymal Stem Cells
(hUCMSCs) within the scaffold. If further validated with
in vivo experiments using animal models, this scaffold
would hold significant clinical translation potential [206].

A study functionalized magnesium hydroxyapatite
(Mg-HAp) with silver nanoparticles (AgNPs) to construct
an Ag-Mg-HAp scaffold, which demonstrated good anti-
bacterial properties against E. coli and S. aureus. How-
ever, in the same living environment, the proliferation of
human adipose-derived stem cells (hADSCs) decreased
by 90% on day 24. Consequently, researchers need to
further optimize the cytotoxicity [207]. B-TCP is an
important inorganic component of natural bone tissue,
exhibiting excellent bioactivity, osteoconductivity, and
osteoinductivity. Compared to PMMA, it can degrade
in vivo, providing appropriate space for bone repair [208,
209]. Liu et al. improved the toughness, brittleness, and
high elastic modulus deficiencies of the scaffold material
using gelatin and encapsulated CS microspheres contain-
ing gentamicin (GM). This material not only has good
antibacterial activity against S. aureus but also shows
excellent strength and osteoconductivity at different
stages of bone repair in in vivo infection models [210].

Organic materials

CS exhibits both antibacterial properties and the capa-
bility to promote bone regeneration. This is because it
is similar to glycosaminoglycans in the natural ECM,
creating a favorable local microenvironment for cell
growth and supporting the proliferation, differentiation,
and mineralization of osteoblasts [211]. Studies have
found that the higher the deacetylation degree (DD) of
CS, which indicates the number of amino groups, the
stronger the cell adhesion capacity. Additionally, the
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cations carried by CS can enhance cell activity through
methods such as electrical stimulation. Research indi-
cates that both osteoblasts and MSCs can proliferate and
differentiate well in a CS environment [132, 212]. Due to
the excellent compatibility of CS with other materials,
it can synergistically enhance bone generation. Oftadeh
et al. merged HAp with CS and found that various osteo-
genic markers, such as osteocalcin, alkaline phosphatase,
osteonectin, and Runx2, showed significantly upregu-
lated transcription levels in cells, further enhancing oste-
ogenic capability [213]. Combinations with metal ions,
graphene oxide (GO), bioglass, and bioactive substances
such as growth factors and BMP-2 also demonstrate
considerable potential in bone defect repair [214-219].

Collagen and gelatin possess ideal characteristics for
applications in bone tissue engineering and are one of the
main protein components in natural bone. Their amino
acid sequences contain adhesive ligands-arginine-gly-
cine-aspartic acid (RGD)—which facilitate the attach-
ment of various cells [220, 221]. Furthermore, these
components exhibit excellent biocompatibility and can
be degraded by recipient enzymes, making them excel-
lent biological carriers for other components [222-224].
Alginate is also a natural polymer derived from algae,
known for its good biocompatibility and plasticity. The
addition of RGD can promote cell adhesion or confer
specific functions through other factors and functional
groups [225, 226].

Synthetic organic materials usually do not possess
antibacterial properties. However, compared with natu-
ral organic materials, they offer more possibilities for
chemical modifications and molecular changes, making
them excellent carriers for drugs or antibacterial mate-
rials. In the field of biological carrier treatment for bone
infections, poly lactic-co-glycolic acid (PLGA) is a classic
synthetic organic material. It is a copolymer of polylactic
acid (PLA) and polyglycolic acid (PGA), featuring excel-
lent biocompatibility and biodegradability, with adjust-
able mechanical properties, thus offering significant
advantages as a carrier for the in vivo delivery of antibi-
otics [227, 228]. Joaquin et al. developed a PLGA micro-
sphere modified with daptomycin and VAN in Palacos R
cement, which demonstrated good antibacterial proper-
ties in a model of infectious bone defects, while preserv-
ing the normal structure of the surrounding bone and
reducing damage to the bone tissue [229]. Materials such
as PMMA, polycaprolactone (PCL), and polyetherether-
ketone (PEEK) also play important roles in the treatment
of infectious bone defects [230-232]. Next, we will intro-
duce several types of composite materials.



Page 16 of 37

(2025) 23:257

Zhang et al. Journal of Nanobiotechnology

01-7/ paseanul pue
9-7/ PaONPaY :UoIRINBIY UoHeWWRY|
110D PUB ‘NdO ‘NDO ‘ZdNg

‘ZXuny Jo uoissaidxa pasealdu| {uop
-elluRIaYIp pue uonessyijoid Jsgw
P10WOId UoenUIRKIg 21Uab031S0
BdW 7€ 01 /7 WOlj Yibuails Juswad

(1033 puUB SN2IND ') WU 6507 pue

Y ulyim Qoo.ﬁ s o

wu 667 e yead
Jnsp1oRIRYD) Head uondiosay AN

(vddQ) snosp
-Ayuy 21eydsoyd usbolpAH wnioedIg
‘914110 Winidje)

[o/20€c0T paseainul :y1buans [BJIUBYDIR|N  [BAIAINS SNAJND °S :AUAIDY [BLIS1DRGIIUY 9715 Ul wil G1—0| 24n3ONAS 320|g ‘21eJ|ng wnipjed) 2s5eq-by
| L-11pue
OL-T1 ‘4G L=11 PUBD-ANL ‘TN < OW uoney
‘SHOOM {7 IR 05€°0G JO  -ur|dWlI JO SABD € Jo)Je eLIS1deq [enplisal SUONIPUOD DIpIDe Japun
ones (D]g) 10e1U0d Jue|du-auoqg B pue  Jama) :(1ed)AdedL g [ela1oegiuy OAIA Ul uolnjossip pides :Ausdoid sAnIsuss-Hd
99°C1 JO obr1usDIad Bt UOIRWIO)  A]DAINDRASAI ‘%S 16 PUB 966 PaYDeI WU | ZF681:92ZIS (SINL) segnioueN spixold wniuell| /9-417
[ Yadikded 2UO0Q M3U B :UO[RIDIUI0SO)  SOle) [BLISIDBQIIUR SNaJND °§ puUe /03 F uolpayed9pod diquioyy "(do0) apndad ymois d1usboa1sO 95eq-0D)
skesse qw
[03U0D 03 Jejiuis ANjIgy :uoneIbIA (19D /Bri G| 01w/ Bri 629 DgW pue DIW
S109449 €O xapul
JIX010342 JuedyIUbIs ON :AUDIXO1014D) uooNpal e pue W 0| -8 Usamiaq m\mEu 01°0 *2WN|OA 3104 SINBY
[P/2lc0C  sAep / 191je uopewloy dyyH :ANADBOIG  S2UOZ UORIGIYUL :ANARDY [eIGODIWRUY m\NE 0ET ‘ealy 30eLING 0ed-0Is aseq-nD)
€O xapur uon %€E'66 -
eCoEmOQmD winioje) pue \ﬁ_>_uu< d7V -Onhpel e pue Wl Q|-g:sauoz uonigyul Q/:\\C \Aucm._ufcm_ COEm_ijmucm
Wmm_~_>_uum u_cwmowumo pue COEm\_wt_O#Q @ommv v/= IQ WU 0¢+ 09 =zIS 3-417
[€£20610C  Ybiy pamoys sise|qoaisoaid (J-€LEIN (Y 8 YiM Pased|al N/ JO %0/)y G =Hd U0IP3YEI3POQ dIqUIoyYy D oseq-uz
10949 |epidla1oeq 919(d
$]|92 158|gOIqY 9SNOW 6767 ISUleBe  -W0D Pa1ed|pul ZdS JO AIND YIMOID AW 6] — 017 M33d 8417
[esalizoe AMNIGRIA 19D 9%0'G8 PIMOYS YZdS [eu21oeg pue syun Buiwio4 Auojod Wu 00€ 9215 +bv aseq-uz
LAY 47y
1} SOUIN §'E=9'TLNDO "SPWN T4/ -TOD
:U0ISSa1dX3 auaD)
!15152|q0=150-3ud
[3-E1EDW Ul UonezIjeIaulw |ADJ pue AUBWIYDORNY [elIS1oeg
(NDO pue ‘<10 ‘zxuny) sauab paiejay : ‘snainp S 1sutebe AuAnDe [epidu Sp|ojeds pased-SD paseq- iz
[L/2dezor uonenuaIgig dluaboalsy  -a1oeq 213|dwoD AuANdY [eLRIdeGHUY WU 87 F0€ 19215 (SO4) upAwojso4 99-0IN
ZW 01 uollsuel) obeydoidew /02 ' pue snainp g 1sutebe 948799 pue wrl €11 pue
SooNpuUl pue uoneilusiajip pue uon %EY'6/ JO 921kl UONIgIYUl [elio1deq e ‘wrl 06 ‘wrl QE'G 9IoM C{OW-1Z pue poseq- iz
[0/2lzzoz  -esppjoid (3-€16DW pRrowold Z4OW-1Z - PRUGIYXS ¢JOW-1Z padop-autionyy 3yl ' L4OW-1Z ‘040W-1Z ssaudiyl buneo) (4H) p1oe duoNyoIPAY 1| 108-40W
"|buluels Syy pue g7y 3
(NDO ‘zxuny ‘NdO) siaxiew 21usboa1sQ uoneuoy
'S109J9p 2UOq $S925Ce PUB UOI1D3Ul [elia1de] Ul @\NE [¥'€/T 1| ‘ealy 83.pNg (o
pP3adNPaJ pue UOIRULIO) SUOQ MaU 1Uued UoIdNPaI JUedYIUDIS [S|9poW [PWIUY AW L9 € 8197 -ZI}ISU3SOUOS GZNH)
(6971720 -4iubis :suonen|eas [ed16ojolsIy pue | '%/6'86 YSHW 1suleby puowelp :ABojoydiop SleuoIpusly  paseq- 7z -ulAydiod
Jesap Buijeay auoq Jo sjudwIssassy UoI103jul JO SJUBWISSISSY S4OW JO sonsuisloeleyd syusauodwo) salobaje)

SHOW Bufojdwia s13j3p auoq SNoDUI JO JUSWSBRURW U1 10} S31631RIIS T djqeL



Zhang et al. Journal of Nanobiotechnology =~ (2025) 23:257

Bifunctional biomaterials

Composite biomaterials present promising biomimetic
solutions that effectively address significant challenges
within this field, owing to their performance often sur-
passing that of their individual constituents. The main
strategies include incorporating nanoparticles as fillers
into biodegradable biological carriers or constructing
polymers using covalent bonds and other methods [233].
Many of the studies mentioned earlier are based on these
innovative findings. Bioactive ceramics and glass par-
ticles are capable of enhancing the mechanical strength
of polymers while concurrently promoting bone tissue
regeneration [234]. Additionally, some bioactive materi-
als can provide polymers with extra functions, such as
shape memory (for example, injectable and self-healing
hydrogels) and photothermal effects (like black phospho-
rus, BP) (Fig. 3) [235-237].

Hydrogels with antibacterial function for promoting bone
defect repair

Hydrogels are polymers with a three-dimensional net-
work structure that can be formed into various shapes
and sizes [238]. Additionally, these materials contain
a high degree of hydrophilic groups, allowing them to
effectively capture and retain large amounts of moisture
or biological fluids [239]. Simultaneously, hydrogels are
similar in morphology and function to natural extracel-
lular matrices, providing a favorable environment for
cells to support nutrient delivery, cell proliferation, and
differentiation, while minimizing damage to biological
tissues during this process [240]. In addition to utilizing
the inherent properties of hydrogels to repair infectious
bone defects, they can also promote therapeutic effects
by loading peptides, growth factors, metal ions, or small
molecule drugs (Table 1).

GelMA is a representative hydrogel formulation that
has been widely applied in various biomedical fields. It
is a gelatin modified with double bonds, able to substi-
tute artificial basement membranes due to its excellent
biocompatibility, low antigenicity, and cellular response
characteristics. More importantly, GeIMA contains RGD
(Arg-Gly-Asp) and MMP sequences, which play key roles
in tissue repair and wound closure [250]. Additionally,
GelMA can promote bone formation and angiogenesis
[251]. As a photosensitive hydrogel, it undergoes cross-
linking and solidification when irradiated with ultravio-
let (UV) or visible light, providing numerous advantages,
including good injectability and rapid gelation, making it
highly suitable for bone tissue engineering [252]. Hydro-
gels typically exhibit relatively weak mechanical strength.
To address this issue, bioceramic B-TCP has been widely
utilized to optimize the mechanical properties and bioac-
tivity of GelMA hydrogels [253]. Nie et al. incorporated
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B-TCP and sodium alginate into GelMA hydrogels as the
base material for 3D printing. The introduced MXenes
(a novel type of transition metal carbide/nitride/car-
bonitride) can effectively disrupt bacterial membranes
through direct physical contact, thereby killing both G*
and G~ suspended bacteria and microbial biofilms, sig-
nificantly enhancing antibacterial performance. This
capability is further amplified under near-infrared (NIR)
irradiation (808 nm). The authors filled 3D-printed
GTAM scaffolds with rat BMSCs, which exhibited excel-
lent biocompatibility and osteogenic capabilities in the
presence of bacterial infection [241].

Cu*" not only exhibits excellent antibacterial properties
but also serves as a bioinorganic ion that promotes angio-
genesis, primarily inducing vessel formation through the
VEGF and HIF-a pathways [254]. Based on this, Xu et al.
developed a GelMA hybrid hydrogel, namely GelMA/
GeP@Cu, which enhances vascularization during the
bone regeneration process. Its core component is GeP
nanosheets modified with Cu®*, which not only sup-
port neurovascular regeneration but also possess anti-
microbial properties. Experimental results indicate that
this novel biocomposite hydrogel scaffold can continu-
ously and slowly release Cu*", inhibiting bacterial infec-
tion while promoting osteogenic cell differentiation and
angiogenesis, thus facilitating bone tissue regeneration in
infectious bone defect models [243]. A research team led
by Guan et al. developed a composite hydrogel composed
of copper-strontium peroxide nanoparticles (CSp NPs)
and polyethylene glycol diacrylate (PEGDA) for the treat-
ment of infectious bone defects. This innovative material
leverages the pH-responsive release of hydroxyl radi-
cals from Cu** within the hydrogel to achieve a 99.94%
bacterial killing rate against S. aureus. Additionally, the
hydrogel releases Sr’* to enhance osteogenesis, result-
ing in complete bone defect repair in JAOM mice model
within 21 days. This dual-functional strategy represents
a significant advancement in non-antibiotic therapies for
bone infections and regeneration, providing a promising
clinical approach to combat drug resistance and promote
bone healing (Fig. 4) [249].

In addition to the dual-functional study, Huang et al.
constructed a hydrogel that integrates anticancer, anti-
bacterial, MRI, and osteogenic functions [242]. They
utilized the luminescence imaging advantage of Gd by
incorporating Gd compounds and MoS, into GelMA.
The MRI effect of Gd allows for monitoring the loca-
tion and degradation of the hydrogel. MoS, endows
the hydrogel with excellent photothermal capability,
resulting in outstanding antibacterial and anticancer
performance. As a rare earth element, Gd possesses an
ionic radius similar to that of calcium ions and demon-
strates good osteogenic ability in infectious bone defect
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of HN25. Copyright © 2023 Wiley-VCH GmbH [269]

models, presenting significant clinical translational

value.

However, hydrogels have relatively weak mechanical
strength, which may lead to damage and structural fail-
ure when used in bone tissue engineering due to daily

activities. This can cause the loaded drugs to be released
too quickly or to lose efficacy, thereby reducing treatment
effectiveness [255]. Therefore, hydrogels with short-term
self-healing capabilities improve this deficiency, extend-
ing their lifespan and enhancing safety [256].
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Chen et al. combined the potent chemokine SDF-1,
which can recruit bone marrow-derived osteoprogeni-
tor cells, with exosomes secreted by M2 macrophages
and 4% HA, which exhibits strong antibacterial activity
against S. aureus, E. coli, and methicillin-resistant Staph-
ylococcus aureus (MRSA), to synthesize a self-healing
adhesive hydrogel that is injectable, termed HA@SDEF-
la/M2D-Exos. This hydrogel can restore itself in just
5 min after being divided into two parts, providing an
effective solution to the problem of mechanical strength.
The positively charged quaternary ammonium groups
in the 4% HA effectively eliminated over 95% of MRSA
and over 99% of both S. aureus and E. coli, while various
osteogenic-related cells showed no significant cell death.
In bone defect models, treatment with this hydrogel sig-
nificantly enhanced angiogenesis and osteogenesis [257].

In addition to serving as the main component of com-
posite materials, hydrogels can also play a significant role
in collaboration. Three-dimensional (3D) printed metal-
lic implants can be customized according to the clinical
treatment needs of bone defects and the actual anatomy,
aiming to restore the functionality of the original ana-
tomical structure as much as possible [258]. For example,
the surface micro-porous structure of porous titanium
alloy (pTi) is more compatible with the host bone tis-
sue, promoting angiogenesis and inducing inward bone
growth. However, the porous structure may also become
a breeding ground for bacteria, presenting significant
vulnerabilities in the treatment of infectious bone defects
[259]. Additionally, the ability of metal implants to induce
cell proliferation and differentiation is relatively weak
[260]. Therefore, Qiao modified the surface of pTi with an
antibacterial hydrogel composed of sodium tetraborate
(Na2B40O7), polyvinyl alcohol (PVA), AgNPs, and tetrae-
thyl orthosilicate (TEOS). In vitro and in vivo studies that
examined the inhibition of bacteria and the induction of
BMSCs differentiation and mineralization indicated that
this composite is an ideal candidate for promoting new
bone formation in infected defects [261].

Functionalized MOFs materials

In recent years, Metal Organic Frameworks (MOFs)
with outstanding performance have shown great appli-
cation potential in biological functional materials.
MOFs are a class of porous inorganic—organic hybrid
materials, synthesized through coordination between
metal ions or clusters and organic ligands, also known
as coordination polymers. They possess the rigidity of
inorganic materials and the flexibility of organic mate-
rials [262-264]. MOFs exhibit high tunability, and their
high specific surface area and adjustable pore struc-
tures allow for the encapsulation of a large number
of functional molecules, facilitating in vivo transport
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and enabling their roles in delivery and catalysis [265].
Some MOFs materials demonstrate catalytic proper-
ties, such as peroxide catalysis, radiation sensitization,
microwave heating, and photocatalysis [266, 267]. In
addition, these materials can combine with other sub-
stances to form coatings or 3D structures, enabling a
wider range of applications [268]. In the treatment of
infectious bone defects, MOFs with good biocompat-
ibility exhibit unique effects (Table 2).

In response to the demand for various antibacterial
strategies, MOFs through ion mediation, or based on
physical methods, particularly showing good efficacy
against antibiotic-resistant bacterial infections [277].
Among them, Zn-based MOF materials are excellent
choices for treating infectious bone defects. Biocom-
patible ZIF-8, which has acid-responsive degradation
properties, can degrade in response to acidic metabo-
lites produced by bacteria. The released Zn?** ions can
penetrate the bacterial membrane through ion channels,
thereby interfering with the bacteria [273]. Based on its
favorable internal space, Han et al. incorporated VAN
into ZIF-8 and deposited it onto 3D-printed bioglass
scaffolds to bestow the composite material with bone
repair functionality. This combination demonstrates a
faster release rate of VAN and shows significant inhibi-
tory effects on S. aureus. Furthermore, additional stud-
ies indicate that the scaffolds promote the expression of
MSCs and osteogenic genes [278].

Research on MOFs materials using ion release strate-
gies to combat infections and promote bone repair is
quite abundant [270, 279]. Tao et al. coated ZIF-67 (Co-
MOF) loaded with osteogenic growth peptides onto the
surface of Ti to enhance its antibacterial properties and
performance [275]. Due to the inert surface of PEEK lim-
iting its clinical applications, Xiao et al. used a polydopa-
mine (PDA) interlayer to bond Zn-Mg MOF-74 to PEEK,
followed by loading Dex. This composite PEEK exhibits
good hydrophilicity and stability, inducing an alkaline
microenvironment on the surface through the release of
Mg?" and Zn?*, demonstrating strong antibacterial activ-
ity against S. aureus and E. coli. Additionally, the metal
ions, in conjunction with Dex, synergistically promote
the biological activity and osteogenic differentiation of
rat bone marrow mesenchymal stem cells, while Mg>*
can also induce vascular differentiation of human umbili-
cal vein endothelial cells. In rat subcutaneous infection
models, chicken chorioallantoic membrane models,
and rat femoral drilling models, this composite material
shows good performance, providing new insights for the
clinical translation of PEEK [279].

In addition to the previously mentioned photosensi-
tive MOFs that convert O, into ROS, some MOFs also
possess photothermal effects, such as Prussian blue
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nanoparticles (PBNPs) [280, 281]. Han et al. proposed
an innovative idea by mixing PBNPs with CS to create a
novel hydrogel. Under the electrostatic adsorption of this
hydrogel, bacteria are captured and killed through the
photothermal effect stimulated by 808 nm NIR. How-
ever, there are certain limitations in the tissue penetra-
tion capability of light, which poses challenges for clinical
translation [282]. Some sterilization materials using son-
odynamic therapy based on MOFs have been reported,
and their penetration is comparatively stronger than that
of PTT. Ma et al. developed a novel composite material,
HN?25, which exhibits strong ultrasound-responsive anti-
bacterial properties (Fig. 5). This material demonstrated
significant antibacterial activity against MRSA, achiev-
ing an antibacterial rate of over 98.97% for MRSA within
4 h. Furthermore, HN25 has been shown to stimulate
bone regeneration by promoting the osteogenic differ-
entiation of mesenchymal stem cells, as evidenced by
the increased expression of key bone-related genes and
proteins such as Runx2, OCN, and OPN. Additionally,
the composite exhibited biocompatibility with human
dermal fibroblasts and the capacity to modulate inflam-
matory responses, positioning it as a promising candidate
for bone repair applications without the need for surgical
intervention or antibiotics [269].

In summary, the dual functions of antibacterial activity
and osteogenesis in functionalized MOFs-based bioma-
terials are achieved through various properties of MOFs,
including biodegradability, drug delivery, ion release,
and their combined utilization. Moreover, the increase
in antibacterial capacity aids in promoting osteogenesis,
as inhibiting and eliminating infections in bone tissue
contributes to repair [283]. Regardless of the antibacte-
rial strategy employed, controlled characteristics must
be achieved, such as sustained release of ions and drugs,
as well as modulation of photothermal effects. Although
many studies have demonstrated good antibacterial effi-
cacy and osteogenic capability, there are still some issues
regarding the controllability of antibacterial actions,
particularly concerning the stability of the MOFs used
in functionalized biomaterials [284, 285]. Therefore, fur-
ther research and exploration of the biodegradability of
MOFs are needed to better achieve the functionalization

(See figure on next page.)
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of biomaterials, endowing them with the dual functions
of infection resistance and promotion of bone repair.

Functional solid bone tissue substitutes
Infectious bone defects often lead to an expansion of the
defect space during debridement, necessitating filling
materials to withstand the stresses at both ends of the
defect. Solid scaffolds typically possess characteristics
such as shape stability, complex structures, and diverse
functions, with the most important being mechanical
properties similar to those of bone tissue. Therefore, 3D
printing technology can create patient-specific biomi-
metic bone repair scaffolds through precise design. How-
ever, the implants generated by 3D printing often have
relatively limited functions, requiring modifications to
meet the demands of bacterial infection control and bone
regeneration [286]. Some experimental design ideas have
already been discussed previously, and the following will
provide a more systematic description of this technology.

Modification of implants includes the application of
physical and chemical methods to alter their surfaces.
For example, physical modification significantly affects
hydrophobicity, van der Waals forces, and electrostatic
interactions, thereby influencing the adhesion of bacte-
ria to the implant surface. Nanofibers, tubes, and nee-
dles can penetrate bacterial cell membranes and induce
cell death, while also imparting responsive functionalities
to the materials [287, 288]. For instance, Mo et al. used
argon plasma to create inclined and vertical nanostruc-
tures on semi-crystalline PEEK, both of which can physi-
cally kill the bacteria that come into contact with them.
The sharp edges of vertically arranged nanosheets can
directly penetrate and damage bacterial membranes,
while inclined nanosheets capture the adhered bacteria
through high affinity, using strong shear forces to cause
severe deformation or even rupture of the bacteria.
Comparisons through bone regeneration experiments
indicated that inclined nanosheets create favorable con-
ditions for the attachment, proliferation, and osteogenic
differentiation of bone cells, thereby promoting the inte-
gration of bone implants [289].

Chemical modification is typically achieved through
coatings and chemical bonding, such as incorporating

Fig. 6 A Representative image of the scaffold. B SEM images of the scaffold showing (a) the top view and (b) the cross-sectional view. C
Mineralization performance of the scaffold in simulated body fluid on days 7 and 14. D SEM image of BMSCs cultured with the scaffold for 7 days.

E Fluorescence images showing live/dead bacteria of the scaffold against (a) S. aureus and (b) E. coli. F gRT-PCR analysis of the mRNA expression

of osteogenesis-related genes Runx2, OCN, ALP, OPN, BMP-2, and Col-1 on days 3, 7,and 14 of culture. G Western blot analysis of the expression

of M1 marker iNOS and M2 marker ARG-1 in RAW264.7 macrophages cultured with the scaffold. H In vivo anti-infection and osteogenic capabilities:
(a) Images of infected tissues at different time points; (b) Micro-CT images of rat calvaria after 6 and 12 weeks of treatment; (c) Quantitative analysis
of BV/TV, (d) BMD, and (e) Th. Sp. Copyright © 2024 The Author(s). Small published by Wiley-VCH GmbH [300]
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substances with antibacterial and anti-inflammatory
properties, including antibiotics, peptides, and metal ions
[290]. Yavari et al. first employed selective laser melt-
ing technology to fabricate a biomimetic topological 3D
titanium scaffold, which was then covered with CS and
gelatin containing cationic and anionic groups, followed
by the coating of BMP—2 and VAN on the scaffold sur-
face. In vitro drug release experiments demonstrated
that this multilayer coating method allows for a sustained
release of BMP-2 and VAN for approximately 3 weeks,
with the adhered bacteria completely eliminated by day 7
[291]. Furthermore, some studies have loaded MSCs into
scaffolds, with the most common and effective method
being the use of 3D scaffolds to guide the proliferation,
differentiation, and secretion of cells, thereby promoting
various signaling pathways [292]. Wang et al. encapsu-
lated peripheral blood-derived mesenchymal stem cells
(PBMSCs) and endothelial progenitor cells (PEPCs) in
a 75:25 ratio within 3D printed biphasic calcium phos-
phate (BCP) scaffolds, and coated the scaffold surface
with a layer of highly active nano-hydroxyapatite (nHA),
constructing a composite scaffold (nHA/BCP-PBEPC/
PBMSC). This combination maximized the expression of
osteogenic and angiogenic markers. Microfil angiogra-
phy was performed on experimental model rabbits at 6
and 12 weeks, revealing the formation of abundant neo-
vasculature around the scaffolds. Furthermore, histologi-
cal analysis indicated a significant increase in new bone
formation and mineralization, demonstrating excellent
quality potential [293].

Multifunctional bioceramics scaffolds
Previous descriptions have highlighted the excellent
performance of bioceramics in promoting osteogen-
esis; however, almost all types lack antibacterial proper-
ties. Therefore, external antibacterial strategies must be
employed to address infections related to bone implants.
Currently, various composite bioceramic scaffolds have
been developed and utilized for the treatment of infec-
tious bone defects (Table 3).

For instance, Wang et al. loaded doxycycline (DOX)
into mesoporous bioglass (MBG) and then mixed it
with molten PCL. Release experiments indicated that

(See figure on next page.)
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DOX rapidly released 150 pg on the first day, followed
by a slow release, with concentrations reaching 400 pg
and 600 pg on days 7 and 21, respectively. This compos-
ite scaffold significantly inhibited bacterial activity and
enhanced its broad-spectrum antibacterial capability.
Additionally, it also achieved notable improvements in
promoting the differentiation of osteoblasts, which may
be related to research showing that DOX at a dosage of
1000 ng/mL significantly stimulates BMP—2 expression
[294]. Furthermore, antibiotics such as levofloxacin, gen-
tamicin, chlorhexidine, berberine, and rifampicin have
also been extensively studied in functionalized Bioceram-
ics scaffolds, achieving favorable therapeutic effects [295,
297, 302-304]. Hu et al. developed a multifunctional bio-
mimetic bone scaffold using 3D printing, which is made
of o/B-TCP, Gelatin, PVA and loaded with TP-Mg nano-
particles. This scaffold exhibits significant antibacterial
activity against S. aureus and promotes the polarization
of macrophages from the pro-inflammatory M1 phe-
notype to the anti-inflammatory M2 phenotype. Addi-
tionally, the scaffold demonstrates excellent osteogenic
effects through the synergistic action of Mg®* and Ca®".
The study successfully developed a biomimetic bone
scaffold that integrates anti-inflammatory, antibacterial,
and osteogenic induction functions. This scaffold can
regulate the early microenvironment and promote bone
regeneration and healing, showing promising potential
for the treatment of infectious bone defects (Fig. 6) [300].

In addition to the most commonly used antibiotics,
other drugs, ion release, and physical effects (such as
light, heat, and sound waves) have also become research
hotspots [298, 305, 306]. The ions most commonly used
for ion release include Ag®, Zn**, Cu*", La*", and related
oxidizers. These ions are incorporated into and coated
onto bioceramics. The key point is that these excel-
lent dopants are biocompatible with normal cells, while
exhibiting lethal effects on drug-resistant bacteria, and
they do not interfere with the effective osteogenesis of
the scaffold [307-309]. Under the piezoelectric effect,
ceramics can generate positive charges, thereby induc-
ing antibacterial activity. Sugimoto et al. have devel-
oped a lead-free piezoelectric material (Ba, Ca) (Ti, Zr)
O; (BCTZ50) for bone tissue engineering to enhance

Fig. 7 A (a) Schematic illustration of the synthesis of SP-MC. (b) Diagram of the anti-infection mechanism of SP-MC. B TEM images of (a)

MXenes, (b) Ca0, and (c) MC. C Photothermal and photodynamic performance of SP-MC. Under NIR laser irradiation, the temperature changes

of different materials in (a) air and (b) PBS. (c) Temperature changes of SP-MC under different laser intensities. (d) Photothermal images of SP, SP-M,
SP-C, and SP-MC. (e) Photothermal cycling curves of SP-MC. D In vitro antibacterial performance. Images and quantitative analysis of bacterial
treatment with different materials: (a, b) S. aureus, (c, d) E. coli, and (e, f) MRSA. E Osteogenesis performance. (a) ALP staining and ARS staining
results after the treatment with different implants. (b) The corresponding quantitative analysis of (I) ALP and (Il) ARS. F Photos of infected wounds
after different treatments. G In vivo osteogenesis performance assessed by Micro-CT. (a) Reconstructed images of newly formed bone on implants
at 8 week, (b) Th.Th, and (c) trabecular separation (Tb.Sp). Copyright © 2024 Wiley-VCH GmbH [314]
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antibacterial performance. This material can generate a
microelectric field, stimulating the surrounding liquid to
decompose and produce ROS, thereby exerting a bacteri-
cidal effect [310].

Functional two-dimensional (2D) biomaterials

2D nanomaterials possess ultra-thin structures and
unique properties, providing new approaches for the
treatment of infectious bone defects. Their thickness is
only a few angstroms or nanometers, while their length
and width can reach the micrometer level. This struc-
ture endows them with certain characteristics that 3D
materials lack, such as a larger specific surface area, high
thermal conductivity, and unique optical properties,
including broad light absorption and efficient photother-
mal conversion [311]. Among these, materials like gra-
phene and its derivatives, MXenes, BP, hexagonal boron
nitride (hBN), and transition metal dichalcogenides
(TMDs) have been extensively studied for treating bone
diseases (Table 4).

MXenes exhibit good antibacterial activity, primar-
ily due to their hydrophilic and anionic surfaces, which
enhance interactions with bacterial cell membranes.
The hydrogen bonds between their functional groups
and lipopolysaccharide molecules hinder bacteria from
absorbing nutrients, thereby inhibiting bacterial growth
[323]. Yin et al. loaded tobramycin (TOB) into MXene-
GelMA hydrogels, and the composite material showed
significant destructive effects and promoted osteogenesis
against S. aureus, maintaining this effect for over 24 h
[324]. In one study, researchers functionalized MXenes
with PDA to construct an alginate hydrogel that can har-
ness NIR to control the photothermal heating behavior of
the hydrogel. During the experiments, it was found that
the composite material could regulate the conversion of
M1/M2 macrophages, thereby controlling inflammation
and accelerating bone regeneration [325]. Huang et al.
designed a nanostructure based on the MXene/CaO,
bio-heterojunction (MC bio-HJs), which possesses the
functions of PTT and PDT. Under NIR irradiation, it can
efficiently generate ROS, exhibiting nearly 100% anti-
bacterial efficiency against MRSA, S. aureus, and E. coli
(Fig. 7). Furthermore, the study revealed that MC bio-
HJs achieves outstanding antibacterial effects by inhib-
iting bacterial energy metabolism and protein synthesis,
thereby disrupting bacterial membrane function and
metabolic processes. Both in vivo and in vitro experi-
mental results further confirmed that MC bio-HJs sig-
nificantly promotes the healing of infected skin wounds
and bone repair, offering a novel therapeutic strategy to
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address the challenge of regenerative treatment for infec-
tious bone defects [314].

BP is another promising 2D material for the repair of
infectious bone defects, with related applications briefly
mentioned in the previous sections. Recently, the fusion
of BP with GeIMA has also garnered widespread atten-
tion. Some studies have incorporated Mg”* into black
phosphorus nanosheets (BPNS) via electrostatic attrac-
tion, followed by merging with GelMA hydrogels. This
approach validated the optimal concentration that sig-
nificantly reduces the number of inflammatory cells and
bacteria while promoting robust bone tissue regenera-
tion [316]. Li et al. found that PDA significantly enhances
the photothermal effect of BP hydrogels. Additionally,
the controllability of drug release and encapsulation effi-
ciency have also been optimized [318]. Wu et al. cleverly
incorporated BPNS with zinc sulfonate ligands (ZnL,)
into HA scaffolds. The research results show that under
mild photothermal conditions below 50 °C, it can effec-
tively eliminate more than 99% of bacteria. The bacte-
ricidal mechanism may be due to the synergistic effect
between ZnL, and positively charged BP, as well as the
generation of ROS, leading to the destruction of intracel-
lular biomolecules. Furthermore, the study also observed
that the sustained release of Zn?** combined with the
presence of PO,>” jointly promotes the osteogenic pro-
cess [317].

Other 2D nanosheets have also shown significant
potential for clinical applications. Jin et al. utilized a
heterojunction composite material composed of MoS,
and CNTs. This MoS,/CNTs composite demonstrated
enhanced microwave absorption, which facilitated effec-
tive heat and ROS generation, enabling rapid bacterial
clearance. Both in vitro and in vivo studies confirmed the
composite’s superior antibacterial activity, excellent bio-
compatibility, and ability to promote bone healing. These
findings underscore its potential as a non-invasive treat-
ment option for infectious bone defects [322].

Overall, a reasonable combination of various materials
is the best approach to enhance the effectiveness of bone
tissue engineering in treating infectious bone defects.
This is also the direction that the majority of researchers
are currently pursuing.

Discussion

Bone infection is a complex process driven by interac-
tions among various factors. In recent years, advanced
diagnostic technologies have markedly improved early
detection reliability. For example, a-defensin, an anti-
bacterial peptide released by neutrophils upon activa-
tion, offers a biomarker for early infection identification
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[326]. Additionally, magnetic resonance imaging and
nuclear medicine (such as technetium-99 m bone scans)
are widely used to determine the anatomical location of
osteomyelitis and the presence of associated abscesses,
aiding in image-guided tissue biopsies. Additionally,
novel identification technologies like matrix-assisted
laser desorption ionization-time of flight mass spectrom-
etry (MALDI-TOF MS) and genomic sequencing pro-
vide further insights into pathogen profiles and infection
mechanisms [91].

Despite these advancements, treatment strategies
for infectious bone defects continue to pose signifi-
cant challenges (as discussed previously). The dual need
for infection control and bone regeneration has driven
the development of innovative biomaterial solutions.
Bifunctional biomaterials have emerged as a promising
alternative, offering enhanced clinical outcomes by sup-
porting both bone regeneration and infection control at
the defect site.

These materials typically involve surface modifica-
tion and drug loading, enabling intelligent drug release
through sustained release systems. They can release bio-
active ions or molecules to kill bacteria, reduce inflam-
mation, and promote osteoblast proliferation and
differentiation, thereby accelerating bone tissue regenera-
tion. As core scaffolds for bone repair, their design must
meet mechanical performance requirements and possess
good osteogenic activity and local anti-infection capabili-
ties. In recent years, the development of composites has
enhanced antibacterial effectiveness, biocompatibility,
and mechanical performance, providing a stable and sup-
portive environment for bone repair. Studies show that
these materials can reduce postoperative infection rates,
shorten bone healing times, and enhance bone strength.

Based on current research findings and clinical needs,
an ideal bifunctional biomaterial should be able to rap-
idly release antibacterial components in the early stages
of infection to inhibit the growth of pathogens. At the
same time, it should continuously release factors that
promote osteogenesis during the window of bone tis-
sue regeneration to meet the treatment needs of differ-
ent stages. Such precise temporal and spatial regulation
can significantly enhance the effectiveness of infection
control and bone healing. However, current research
rarely addresses the selection of non-interfering drugs
and the design of release modes, which may be a break-
through point for future studies. Most existing research
tends to focus on specific mechanisms, whereas infec-
tious bone defects represent a complex pathological
process involving multiple systemic contexts, suggesting
that future investigations should consider the connec-
tions across various levels. Bifunctional biomaterials also
present challenges in synthesis, stability, and large-scale
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production. Ensuring consistency and quality during
production remains crucial for clinical application. Addi-
tionally, biosafety concerns, such as potential thrombo-
sis or vascular injuries, warrant further investigation to
ensure long-term viability.

Conclusion

The advent of bifunctional biomaterials heralds a new era
in treatment paradigms. These advanced materials are
specifically designed to deliver targeted, phase-depend-
ent antibacterial and osteogenic effects, demonstrating
significant potential to markedly improve clinical out-
comes for patients suffering from bone infections. We
believe that with the continuous development of science
and technology, the treatment of bone infections will be
more efficient and robust, and these materials will offer
more mechanically durable, functionally effective, and
personalized solutions.
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